Abstract. The multiple sorption of sodium tungstate resulting from the autoclave-soda digestion of a tungsten-bearing concentrate was studied using anion-exchange resin AV-17-8. The choice of ion exchange resin was carried out under static conditions using highly basic anionites. The sorption and desorption plots for tungstate and carbonate ions were demonstrated under dynamic conditions. The total dynamic capacity of the resin was estimated for each species of the ions in three sorption cycles. The applicability of the AV-17-8 resin as a sorbent in the autoclave-soda process flowsheet was determined.
Introduction
Tungsten is applied in illumination devices, cathode ray tubes, as electrodes, and for the manufacture of highstrength and inert alloys, for example, tungsten carbidebased alloys and tungsten-doped pseudo-alloys, because it is refractory and ductile [1] [2] . Tungsten is an essential construction material for the thermonuclear experimental reactor (ITER) [3] .Tungsten is also used in mechanical engineering, chemical industry, aviation, medicine, and electrochemical processing [4] [5] .
The usage of tungsten is growing year after year, and investments are increasingly being made into new tungsten mining projects around the world [6] . However, the tungsten production in Russia does not expand proportionally to the tungsten consumption [7] .
The tungsten price per 1 kg rose from 10$ (2000) to 56$ (2014), which is indicative of the grown demand for tungsten and of insufficient offers [8] . The global tungsten production volumes account for about 25 000 tons a year [9] .
The primary sources of tungsten are wolframite and scheelite [10] . However, tailings of tungsten-bearing sands are of value as well because improved technologies for beneficiation of low-grade tungsten ores can augment the tungsten output up to a saleable tungsten concentrate [11] . Tungsten can also be recovered from wastes of hard-alloy materials [12] .
A lot of tungsten production techniques are currently available. The autoclave-soda digestion [13] and acid leaching [14] are considered to be classical techniques for the processing of tungsten-containing ores. New processing techniques for tungsten-bearing concentrates include the roasting of tungsten-bearing concentrates with silicon oxide in the flowing steam-air mixture to transform them into tungsten trioxide [15] ; fluorination process by ammonium bifluoride [16] ; and exotic methods for recovering tungsten trioxide, for example, solar production of tungsten trioxide [17] .
At this point, among the most common digestion techniques for the concentrate is the autoclave-soda process. One of the stages involved in this process is the ion-exchange extraction of tungstate and carbonate ions [18] . The technology utilizes highly basic anionites in the ion exchange [19] .
However, there exist cation-exchange methods for the separation of sodium ions from sodium tungstate [20] . Different instrumentation can also be used in the ion-exchange process: classical passage of the solution through ionite under the influence of gravity and ascendant passage of the solution through ionite under the influence of extraneous forces [21] .
Anionites AN-106TP and AN-1TP are of use as the ion-exchange resin for the separation of tungsten and sulfate ions [22] . Trace quantities of niobium, tantalum, tungsten, zirconium, and hafnium can be separated on anionite Dowex 1X8-100 [23] .
The main problem of the ion-exchange extraction of tungsten is that ionite must endure as many sorptiondesorption cycles as possible, but in fact the secondary sorption may take place incompletely. Hence, necessity exists to investigate the sorption conditions of tungstate and carbonate ions from solutions after autoclave-soda digestion.
The aim of this work is the tungstate ions selection from the tungsten solution after autoclave-processed soda for further obtaining the tungsten oxide and soda regeneration for its re-use as a leaching agent.
Two tasks have been solved with this goal: -choosing a suitable anion exchanger; -checking the anion exchanger under the conditions of repeated sorption.
Experimental part
Different ion-exchangers were comparatively evaluated for the capability of tungstate and carbonate ions to be sorbed and desorbed from the solution after autoclavesoda digestion.
The composition of the clarified, concentrated tungsten-containing solution after autoclave-soda digestion is given in Table 1 . Tungsten-containing solution was prepared by autoclave-processed soda. The following highly basic anionites were used as ion-exchangers: Purolite A-400, A-500, A-600 and Ambersep 920-U, AV-17-8. The anionites were saturated under dynamic conditions with the concentrated tungsten-containing solution in a solid-toliquid ratio of 1:1 for 1 h. Desorption was performed with a 2 M ammonium chloride solution in the same solid-to-liquid ratio of 1:1 for 1 h.
The tungsten concentration was measured by atomic emission spectrometry and the carbonate-ion concentration by titration [24] .
Ambersep 920-U exhibited the highest sorption of tungstate and carbonate ions, but desorption on this desorbent was much worse than on the other resins. Specifications of the used anion-exchange resins are listed in Table 2 . 
Results and discussion
The amounts of sorbed and desorbed tungstate ions on different anionites are presented on Figure 1 . The percentages of sorbed and desorbed carbonate ions on different anionites are depicted in Figure 2 .
The sorption of carbonate and tungsten ions from the clarified concentrated solution was examined after autoclaving with soda digestion. 
AV-17-8
anionite comprising the benzyltrimethylammonium ionogenic group was employed as the ion-exchange resin. This anionite was chosen as a high-grade reagent that has high static and dynamic exchange capacities.
The anionite was rendered into the chloride form by reaction with a 10% solution of ammonium chloride.
A total of three sorption-desorption cycles were performed. In each experiment, the tungsten-containing solution volume was 100 mL, the ionite weight was 15 g, and the ionite volume was 25 mL. The propagation velocity of the solution through the ionite was 1 drop per 3 sec, and the propagation of the solution through one column volume was 45 min. A 2 mol/L ammonium chloride solution (100 mL) was used as the desorbent.
Forty percent of tungstate ions are sorbed from the concentrated sodium tungstate solution in the 1 st cycle, 38% in the 2 nd cycle, and 32% in the 3 d cycle. Due to the high concentration, the tungstate ion is unable to be sorbed fully on the resin under the specified conditions. The decreased velocity makes the sorption process limiting; therefore, the ion exchange should be performed in dilute solutions.
The difference in tungstate ions sorption in the three cycles is negligible (Figure 3) . The dynamic capacity of the anionite against tungsten diminishes: 320 g eq/L for the first sorption cycle, 278 g eq/L for the second, and 237 g eq/L for the third. This phenomenon is explained by incomplete desorption. Desorption against tungsten is 100% in the first cycle and only 70% in the second. The third cycle shows again 100% desorption against tungsten, but because the resin capacity decreases with each cycle, carbonate ions fill the space of tungstate ions in the resin matrix.
Desorption of tungstate ions is considerably distinct in each of the cycles. Desorption is uniform in the first cycle, whereas the ions are desorbed chiefly with first portions of the eluent in the second and third cycles (Fig.  4) . The sorption of carbonate ions differs from that of tungstate ions. For instance, the sorption capacity of the resin against the carbonate ion declines in the third cycle, and the resin does not nearly absorb carbonate ions (Fig.  5) . Desorption profile for carbonate ions follows that of tungstate ions (Fig. 6) . Desorption is observed to be more uniform in the first cycle, while it is jump-like in the third cycle. The anionite capacities against the carbonate ion in the first two cycles do not differ and are 184 g eq/L; the capacity in the third cycle is only 73 g eq/L of the initial. The carbonate ions are presumably converted into hydrocarbonate ions which cannot be desorbed with ammonium chloride. In turn, the hydrocarbonate ions take up the place of the mobile ions in the resin matrix and do not allow the sorption of both tungstate ions and carbonate ions.
Conclusion
It can be concluded from the findings that the sorption of the tungstate ions from the solution on the AV-17-8 resin in the first sorption cycle after autoclave-soda digestion is 40%; however, the anionite capacity then diminishes due to incomplete desorption of the carbonate ions that are also presented in the tungsten-containing solution.
The AV-17-8 resin is not fit for multiple sorption. For effective use of the AV-17-8 resin and effective sorption of all the tungstate ions, the concentration of the target component in the initial solution should be decreased by water dilution.
